The GPI-anchor is an established determinant of molecular localisation and various functional roles have been attributed to it. The newt GPI-anchored three-finger protein (TFP) Prod1 is an important regulator of cell behaviour during limb regeneration, but it is unclear how it signals to the interior of the cell. Prod1 was expressed by transfection in cultured newt limb cells and activated transcription and expression of matrix metalloproteinase 9 (MMP9) by a pathway involving ligand-independent activation of epidermal growth factor receptor (EGFR) signalling and phosphorylation of extracellular regulated kinase 1 and 2 (ERK1/2). This was dependent on the presence of the GPI-anchor and critical residues in the a-helical region of the protein. Interestingly, Prod1 in the axolotl, a salamander species that also regenerates its limbs, was shown to activate ERK1/2 signalling and MMP9 transcription despite being anchorless, and both newt and axolotl Prod1 co-immunoprecipitated with the newt EGFR after transfection. The substitution of the axolotl helical region activated a secreted, anchorless version of the newt molecule. The activity of the newt molecule cannot therefore depend on a unique property conferred by the anchor. Prod1 is a salamander-specific TFP and its interaction with the phylogenetically conserved EGFR has implications for our view of regeneration as an evolutionary variable. 
Introduction
The glycolipid glycosylphosphatidylinositol (GPI) (Paulick and Bertozzi, 2008) is covalently attached to the C-terminal amino acid of proteins that express the appropriate signal sequence (Eisenhaber et al., 1998) . This process occurs at the inner leaflet of the endoplasmic reticulum (ER), leading to membrane localisation of the target protein (Eisenhaber et al., 2003) and entry into specific trafficking pathways (Castillon et al., 2009 ). In addition to its role as a membrane anchor, there is evidence that the GPI moiety acts as a crucial determinant of signalling activity. This might depend on the ability of the GPI-anchor to localise proteins to specific membrane microdomains through its interaction with other membrane lipids, whereas anchorless versions of the proteins would not localise in this way (Helms and Zurzolo, 2004; Pike, 2004; Lingwood and Simons, 2010) . These microdomains are proposed to include lipid-anchored proteins in both leaflets of the membrane (Brown and Rose, 1992; Resh, 1999) and other specific membrane proteins, thereby determining potential signalling interactions (Simons and Toomre, 2000) .
The GPI-anchored protein Prod1 is a focus of investigation into the cellular and molecular mechanisms underlying limb regeneration in salamanders. Newt Prod1 was originally identified in a differential screen for proteins regulated by retinoic acid and implicated in proximodistal (PD) identity (da Silva et al., 2002) . It is expressed in a PD gradient in normal and regenerating limbs (da Silva et al., 2002; Kumar et al., 2007a) , and overexpression in distal stem (blastemal) cells of the larval axolotl during regeneration converts them to more proximal cells (Echeverri and Tanaka, 2005) . The division of limb blastemal cells is dependent on the presence of regenerating nerve axons (Singer, 1952; Tassava and Mescher, 1975; Satoh et al., 2009; Brockes, 1984) , and Prod1 is also implicated in the mechanism of nerve dependence. A protein called newt anterior gradient (nAG), a member of the AG family (Sive et al., 1989) , was identified as a binding partner of Prod1, and its overexpression is able to rescue a denervated blastema and allow it to regenerate in the absence of the nerve (Kumar et al., 2007b) . The various assays for its activity suggest that Prod1 can apparently regulate cell adhesion, movement and division during regeneration (da Silva et al., 2002; Echeverri and Tanaka, 2005; Kumar et al., 2007b) .
Newt Prod1 has an N-terminal signal sequence that directs the protein to the ER, and a C-terminal sequence that is cleaved upon attachment of its GPI-anchor. A fraction of the protein is released from the cell surface after digestion with phosphatidylinositolspecific phospholipase C (PIPLC) (da Silva et al., 2002) . The structure of the protein has been determined by NMR and consists of a three-finger protein (TFP) domain with four of the five canonical TFP disulfide bonds (Garza-Garcia et al., 2009) . The TFP fold is found in many secreted, transmembrane and GPIanchored proteins and acts as a versatile scaffold that supports a great variety of specific protein-protein interactions (Galat, 2008; Tsetlin, 1999) . One distinctive feature of the TFP domain of Prod1 is the presence of a 12-residue a-helical segment between the fourth and the fifth -strands, forming part of the third finger. Shorter helical segments in equivalent positions are found in the mammalian GPI-anchored protein CD59, and in the C-terminal TFP domain of the urokinase plasminogen activator receptor (uPAR) (Garza-Garcia et al., 2009). CD59 was initially proposed as the mammalian orthologue of Prod1 (da Silva et al., 2002) , but more recent data from EST sequencing (Putta et al., 2004) and phylogenetic analyses have identified salamander CD59. At present it is considered that Prod1 is a salamander-specific protein (GarzaGarcia et al., 2009; Garza-Garcia et al., 2010) .
As it is a GPI-linked protein, the question arises as to how newt Prod1 communicates with the interior of the cell to regulate cell behaviour. It is likely that it interacts with one or more transmembrane proteins that mediate signal transduction, and the identification of such components would be an important step in our understanding of Prod1. The GPI-anchored TFPs uPAR (Andreasen et al., 1997; Ossowski and Aguirre-Ghiso, 2000; Blasi and Carmeliet, 2002) and CD59 (Davies et al., 1989) share the greatest degree of structural homology with Prod1 out of all known mammalian proteins (Garza-Garcia et al., 2009 ). CD59 interacts with the epidermal growth factor receptor (EGFR) (Blagoev et al., 2003) and uPAR interacts with both the EGFR (Liu et al., 2002; Mazzieri et al., 2006; Jo et al., 2003; Jo et al., 2005) and integrin pathways (Wei et al., 1996; Wei et al., 2001; Aguirre-Ghiso et al., 2001; Ghosh et al., 2006) to activate ERK1/2 MAP kinase signalling and stimulate transcription of matrix metalloproteinase 9 (MMP9) (Ahmed et al., 2003; Wei et al., 2007) . MMP9 is also expressed during limb regeneration in salamanders, and MMP activity has been shown to be necessary for regeneration (Yang et al., 1999; Vinarsky et al., 2005) . Persistent MMP9 expression in the epidermis following wounding is also correlated with characteristic changes in the ECM associated with blastema formation (Satoh et al., 2008) . We found that newt Prod1 has related activities to uPAR, and these can be mapped to residues in the a-helical segment. It is noteworthy that Prod1 in two Ambystomatid species has a closely related structure but is anchorless. Nonetheless, both also activate the MMP9 pathway, thus raising questions about the significance of the GPI-anchor for the signalling activity of these proteins. The interaction between Prod1 and the EGFR is an interesting pointer for understanding the evolution of regeneration in salamanders.
Results

Prod1 induces MMP9 expression in newt B1H1 cells
Newt B1H1 cells are an immortal mesenchymal line originally derived from an adult limb blastema (Ferretti and Brockes, 1988) . These cells constitutively express newt EGFR (ErbB1; supplementary material Fig. S1A ,B), and show activation of ERK1/2 phosphorylation after exposure to mammalian EGF (supplementary material Fig. S2 ), but do not express detectable NP1C lacks the C-terminal GPI-anchor attachment sequence, whereas NP1N lacks the Nterminal signal sequence required for entry to the endoplasmic reticulum. Axolotl Prod1 (AP1) has a truncated GPI-anchor attachment sequence. GFPA is a GFP molecule with N-terminal signal and C-terminal GPI-anchor attachment sequences. B1H1 cells were transfected with Prod1 (NP1), Prod1 deleted for its N-terminal signal peptide (NP1N), Prod1 deleted for its C-terminal anchor attachment peptide (NP1C), CD59 (CD59) or GPI-anchored GFP (GFPA). (B)Cells were serum starved for 72 hours and MMP activity in the conditioned medium was assayed by zymography. (C)The secreted MMP9 enzyme activity normalised to NP1. The mean ± s.d is shown for six independent experiments. (Owing to variability, no single zymogram as represented by B exactly reproduces the mean quantification of MMP9 enzyme activity for all samples.) (D) Cells were serum starved as above and MMP9 expression was quantified relative to NP1 by qRT-PCR, with GAPDH as the normalising sequence. The expression is shown relative to NP1 for eight independent experiments. (E)Expression of NP1 and NP1C after transfection with FLAG-tagged constructs. Equivalent proportions of the total concentrated culture medium and cell lysate from each sample were analysed by immunoblotting with anti-FLAG. The NP1C band in medium and lysate corresponds to the 67-residue species indicated in Fig. 5A . The NP1 band in the lysate corresponds to the GPIanchored species (70 residues + anchor) and migrated identically to an anchored Prod1 derived from a construct with the LFA3 anchor signal sequence (Keller et al., 2001) , whereas the NP1 band in the medium corresponds to the fraction of the protein (87 residues) that has retained the anchor signal and entered the secretory pathway but has not been derivatised with the anchor and hence is secreted into the medium. A non-specific band (marked *) confirms equal total protein loading of each sample. (F)Expression of FLAG-tagged NP1 Prod1 on the surface of B1H1 cells as determined by antibody labelling of live cells followed by immunofluorescent detection with TSA amplification (see the Materials and Methods). The arrow indicates surface labelling outlining one cell, whereas the other cells are negative for surface labelling. levels of Prod1. After transient transfection with Prod1 expression constructs, gelatinase activity was detected in the medium by zymography and the activity could be inhibited by the MMP inhibitor GM6001. The enzyme migrated at an apparent molecular size of 89 kDa (Fig. 1A) , consistent with its identification as MMP9 (Vinarsky et al., 2005) . MMP9 activity after transfection with wild-type (NP1) Prod1 was higher than parallel transfections with Prod1 constructs missing either the N-terminal signal sequence (NP1N), or the C-terminal anchor attachment sequence (NP1N). Transfections with a GPI-anchored GFP construct (GFPA) were used as a negative control (Fig. 1A,B) .
The induction of MMP9 expression was confirmed by qRT-PCR. The assay indicated an approximately tenfold difference in induction of MMP9 mRNA between NP1 Prod1 and the other constructs. Notably, overexpression of the structurally similar salamander CD59 also failed to induce MMP9 mRNA (Fig. 1C) . The introduction of an N-terminal FLAG peptide into Prod1 had no effect on the induction of MMP9 expression, and after transfection of newt B1H1 cells with FLAG-tagged versions of NP1 and NP1C Prod1, the cell lysates and conditioned medium were analysed by immunoblotting. NP1C Prod1 was predominantly secreted into the medium, whereas NP1 Prod1, because it is anchored, remained associated with cells; also, a fraction of unanchored Prod1 that had not undergone removal of the C-terminal anchor signal was detected in the medium (Fig.  1D ). The expression of FLAG-tagged NP1 Prod1 on the cell surface was also detected after transfection by antibody labelling of live B1H1 cells (Fig. 1E) . We conclude from this analysis that MMP9 expression was only induced above the background level seen in B1H1 cells by NP1 Prod1.
Activation of ERK1/2 and EGFR signalling is implicated in MMP9 induction
B1H1 cells were transfected with the different Prod1 constructs, serum starved for 72 hours, and the cell lysates were analysed by immunoblotting with antibodies against phosphorylated ERK1/2 and ERK1/2. Significant activation of ERK1/2 occurred only with the NP1 Prod1 construct ( Fig. 2A,B) . To evaluate the significance of ERK1/2 activation and EGFR signalling for MMP9 induction, B1H1 cells were transfected with NP1 Prod1 and the GFPA control construct and exposed to an inhibitor of ERK1/2 phosphorylation (U0126), or an inhibitor of EGFR signalling (AG1478), before analysis by qRT-PCR (Fig. 3A) . The results were normalised to the activation by NP1 Prod1 in the presence of DMSO (vehicle) and showed that approximately 50% of the MMP9 induction activity was dependent on ERK1/2 signalling and about 35% on EGFR signalling (Fig. 3A) . In control analyses in B1H1 cells, it was found that both inhibitors could act to completely inhibit ERK1/2 activation by EGFR signalling at the concentrations used here. U0126 and AG1478 also inhibited the level of secreted MMP9 in Prod1-transfected cells, assayed by gelatin zymography (Fig. 3B) . U0126 led to a statistically significant (P0.0195) inhibition of the level of secreted MMP9 in control GFPA-transfected cells; however, we were unable to establish whether the background level of ERK1/2 activation observed in GFPA-transfected B1H1 cells ( Fig.  2A ) was linked to a low level of endogenous Prod1 expression. Consistent with this possibility is the observation that in AL1 cells, in which endogenous Prod1 is readily detectable, Prod1 transfection led to a comparable induction of MMP9 above the background level (Fig. 6A, Fig. 8B ). The magnitude of the inhibition of secreted MMP9 levels by U0126 is more than twofold greater in Prod1-transfected compared with GFPA-transfected cells, indicating that the activation of ERK1/2 by Prod1 ( Fig. 2A) upregulates MMP9 secretion in Prod1-transfected cells. We conclude that ERK1/2 and EGFR activation are significant components of the Prod1 response at the level of mRNA expression and subsequent protease secretion, but can only account for part of the MMP9-inducing activity.
Signalling by a number of GPI-anchored proteins is mediated by Src kinase activation (Mouillet-Richard et al., 2000; Murray and Robbins, 1998; Wei et al., 2007) . We investigated the role of Src in the Prod1 signalling cascade and found that the Src kinase inhibitor PP2 showed no inhibition of MMP9 induction when assayed by qRT-PCR (supplementary material Fig. S3 ). From this we conclude that Src kinase activity is not a component of the mechanism of MMP9 induction by Prod1.
The activation of the MMP9 pathway by Prod1 on the cell surface could result from the cis activation of molecules like the EGFR on the same cell, or possibly by trans activation due to contact with an adjacent cell expressing the EGFR. When the cell density of NP1 Prod1-transfected B1H1 cells was varied from confluence (all cells in contact with at least one neighbor) to 10% confluence (most cells not in contact) this had no effect on MMP9 induction as assayed by zymography (Fig. 3C ). We conclude that activation by cell contact is unlikely to be significant under our experimental conditions.
The activation of the MMP9 pathway by Prod1 could be due to the induction of secreted ligands that act on B1H1 cells in an autocrine fashion. In repeated attempts to detect such ligands by concentration of conditioned medium, or by co-culture ( Fig supplementary material Fig. S4 ), no such activity was detected. We conclude that activation of transmembrane signalling by a receptor such as the EGFR is likely to proceed whereby Prod1 acts in an intermolecular complex, and direct evidence for such an association will be presented below in immunoprecipitation experiments.
Identification of amino acid residues that are critical for Prod1 signalling activity B1H1 cells were transfected with a series of Prod1 constructs each carrying a single amino acid substitution predicted not to disrupt the 3D structure of the TFP domain (see the Materials and Methods section). MMP9 expression was normalised to NP1 Prod1 ( Fig.  4A ) and the positions of the mutations are shown in a ribbon representation of the 3D structure of Prod1 (Fig. 4B) . The mutations had little or no effect on the expression of MMP9 (shown in green in Fig. 4A ,B), an intermediate effect (yellow), or reduced the expression to the level of the GFPA control (red). Strikingly, the latter two mutations are found in the a-helical segment of Prod1 (Fig. 4B ) and both also reduced ERK1/2 activation to the level of the GFPA control (Fig. 4C) . Several lines of evidence indicate that this is not a consequence of degradation or mislocalisation of this class of mutant. Human embryonic kidney 293T cells, which stably expressed NP1 and Q59A, showed comparable levels of Prod1 protein, whereas expression of Q59A and E66A in transiently transfected B1H1 cells was confirmed by western blotting of cell lysates (not shown). Furthermore both mutant proteins trafficked to the cell surface of B1H1 cells and were detectable by reacting live cells with anti-FLAG antibody (Fig. 4D) . Finally, it is shown later that equivalent mutations at residue 60 of axolotl Prod1 rendered it unable to induce MMP transcription or activate ERK1/2 without diminishing the level of its expression in transfected B1H1 cells (Fig. 8A-D) . These results underline the functional importance of the residues located in the a-helical segment.
Comparison of newt and axolotl Prod1 proteins
The axolotl Prod1 sequence was identified by searching the Ambystoma EST database using nucleotide BLAST. Subsequent investigations have also identified the orthologue in the related species A. maculatum. These sequences are aligned in Fig. 5A along with newt NP1 Prod1 and newt NP1C Prod1. After removal of the N-terminal signal sequence, the newt NP1 Prod1 translation product (87 residues) might have its C terminal anchor signal removed and GPI anchor added to give the mature protein (70 residues). In the axolotl and A. maculatum, it is striking that there are stop codons at distinct locations that yield mature proteins of 67 and 75 residues, respectively, which are predicted to be secreted. Despite extensive searches in the axolotl for an alternate anchored form, this has not been identified. Axolotl and newt Prod1 amino acid sequences are 57% identical, suggesting that they both have a very similar 3D structure that includes the long a-helix (Fig. 5B) .
FLAG-tagged versions of newt NP1 Prod1, newt NP1C Prod1 (69 residues) and axolotl Prod1 (AP1) were expressed in B1H1 cells and the cell lysates and conditioned medium were analysed by immunoblotting. The expression of newt NP1 and NP1C constructs was as described earlier (Fig. 1D) , and the axolotl AP1 Prod1, similarly to NP1C, was secreted into the medium (Fig.  5C ). To assay their activities, the three proteins were expressed along with the control GPI-anchored GFP in both newt B1H1 cells and axolotl AL1 cells, and the activation of the MMP9 pathway was analysed by qRT-PCR (Fig. 6A,B) . The results were normalised relative to newt NP1 Prod1 and showed that newt NP1 and axolotl AP1 proteins are comparably active in both cell types (Fig. 6A,B) whereas the NP1C Prod1 species had no activity relative to the GFPA control, as before (see Fig. 1C ).
The activity of the axolotl Prod1 could depend on the ability of the secreted protein in the medium to bind to its co-receptors at the cell surface, or the ability of the protein to complex with its binding partners in the secretory pathway, for example in the ER or Golgi complex (Castillon et al., 2009) . To investigate the potential activity of the secreted protein, B1H1 cells were transfected with newt NP1 Prod1 or axolotl AP1 Prod1, or GFPA control, and cultured on a membrane with 8 mm pores to share the medium with untransfected B1H1 cells in the same well. The Prod1-transfected cells were strongly activated for MMP9 expression (Fig. 6C ), but there was no detectable activation of the cells exposed to conditioned medium from either newt or axolotl examples (Fig.  6D) . We conclude that both newt and axolotl Prod1 proteins are only able to activate the MMP9 pathway in cells that express the proteins. It is noteworthy that the secreted form of the newt protein has no activity, suggesting that there are differences in how the anchored newt and anchorless axolotl molecules react with their binding partners.
Evidence from inhibitors ( Fig. 3) indicates that the MMP9-inducing activity of newt Prod1 depends in part on its interaction with the EGFR. To determine whether newt or axolotl Prod1 complexes with the EGFR, we expressed the different proteins in 293T cells, because it was not possible to obtain enough material from immunodepletion of lysates after transfection of the relatively slow growing B1H1 and AL1 salamander cells. The 293T cells were transfected with FLAG-tagged versions of newt NP1 or axolotl AP1 Prod1 along with Myc-tagged newt EGFR. The cell lysates were immunodepleted with beads carrying antibody to the FLAG epitope, and the beads were washed and subsequently eluted with FLAG peptide. The eluates were analysed by immunoblotting with both anti-FLAG and anti-Myc antibodies. Although the lysates contained many proteins that reacted with the Myc antibody before immunodepletion (Fig. 7A, lanes 7 and 8) , both newt NP1 and axolotl AP1 Prod1 specifically pulled down one band only, identified by molecular size as the newt EGFR (Fig. 7A , lanes 5 and 6). Note that this was not detectable in lysates from cells Fig. 4B . (C)Expression of FLAG-tagged Prod1 molecules. B1H1 cells were transfected with a newt Prod1 construct without the FLAG tag as a control for antibody specificity, and NP1, NP1C and axolotl Prod1 (AP1), all with N-terminal FLAG tags. Equivalent proportions of the total concentrated culture medium (M) and cell lysate (L) from each sample were immunoblotted (see text for the predicted number of residues of each Prod1 construct). The NP1 and NP1C results are comparable to Fig. 1D . The non-specific band marked * is seen at the same level in all lysate samples confirming equal loading of protein. Note the presence of NP1C and axolotl proteins in the medium. transfected with either Prod1 or EGFR alone. The anti-FLAG staining shows the GPI-anchored newt NP1 Prod1 and anchorless axolotl AP1 Prod1 forms were pulled down, as expected, by the immunodepletion (Fig. 7B, lanes 2,3,5,6 ). The amount of EGFR pulled down was comparable for newt NP1 and axolotl AP1 Prod1. This assay suggests that both newt and axolotl molecules are able to complex with the newt EGFR after co-expression, the axolotl Prod1 doing so despite being anchorless.
It is noteworthy that residue 59 of newt Prod1 differs from the corresponding residue 60 in both the axolotl and A. maculatum proteins (Fig. 5A) , and that this residue is located at the a-helical segment that was identified earlier as crucial for activation of the MMP9 pathway by the newt molecule (Fig. 4A,B) . The axolotl E60 residue was mutated to either A or Q, the latter being the amino acid in the equivalent position in newt Prod1. The wild-type and single-mutant axolotl molecules were expressed in either newt B1H1 (Fig. 8A) or axolotl AL1 cells (Fig. 8B ) along with NP1C Prod1 as a control. The wild-type protein was able, as before, to activate the MMP9 pathway in both newt and axolotl cells, as well as to stimulate the phosphorylation of ERK1/2 (Fig. 8C ), but neither of the residue 60 mutants had any activity relative to the NP1C Prod1 negative control. All three versions of the axolotl protein were detected in both lysate and medium by immunoblotting (Fig. 8D) . Equal loading of samples was confirmed with reference to a non-specific band (not shown). As the residue 60 point mutants of axolotl Prod1 did not show diminished expression, we conclude that their inability to activate ERK1/2 and induce MMP9 results from disrupting a specific activity of the a-helix. We draw the same conclusion for the equivalent residue 59 mutants of newt Prod1.
The amino acid substitutions made in the a-helix of newt and axolotl Prod1 demonstrate that this region of the protein is essential for the activity of both the anchored and anchorless proteins. Because substitution of E60 of axolotl Prod1 for glutamine as in newt Prod1 abolished the activity of the anchorless axolotl Prod1, we investigated whether the differences in the a-helices of Prod1 from the two species underlie their different requirement for a GPI-anchor. When the axolotl a-helical region was substituted for the newt a-helix in NP1C Prod1, it led to a striking activation of the anchorless form, whereas axolotl Prod1 retained its activity when expressed with the C-terminal GPI-anchor attachment sequence of newt Prod1 (Fig. 8E) . These results underline the differences between the newt and axolotl molecules, and demonstrate the importance of the a-helical region in conferring MMP9 induction activity to axolotl Prod1 in the absence of a GPIanchor.
Discussion
This work has establishes that Prod1 activates a pathway in cultured salamander cells that leads to the expression of MMP9. When the results for newt Prod1 with the qRT-PCR assay are corrected for transfection efficiency, the stimulation of this pathway in a
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Journal of Cell Science 124 (1) transfected cell is increased at least 30-fold. One transmembrane signalling partner implicated in this activity is the EGFR, possibly the ErbB1-ErbB2 heterodimer as suggested by sensitivity to inhibitors (see supplementary material Fig. S5 ). The inhibitor experiments indicate that less than half of the activity of the MMP9 pathway after transfection is attributable to signalling via the EGFR. In the case of mammalian uPAR it is clear that integrin signalling is an important additional target (Wei et al., 1996; Wei et al., 2001; Aguirre-Ghiso et al., 2001; Ghosh et al., 2006; Wei et al., 2007) , a possibility that remains to be investigated for Prod1. The Drosophila EGFR is implicated in PD identity in limb development (Galindo et al., 2002; Campbell, 2002) , whereas in the cricket, RNAi studies suggest that the EGFR influences PD identity in limb regeneration at the nymphal stage (Nakamura et al., 2008) . In zebrafish fin regeneration, recent evidence from both chemical inhibition and genetic mutation has implicated ErbB2 and ErbB3 as essential for progenitor proliferation and migration (Rojas-Munoz et al., 2009) . The most structurally similar proteins to Prod1 are CD59 and uPAR (Garza-Garcia et al., 2009) , both of which co-immunoprecipitate with the EGFR (Blagoev et al., 2003; Mazzieri et al., 2006; D'Alessio et al., 2008) . The activity of Prod1 appears to be more closely related to that of mammalian uPAR as outlined in the Introduction, because axolotl CD59 does not regulate the expression of MMP9. In some cases, uPAR seems to act in conjunction with autocrine or paracrine ligands of the EGFR (Jo et al., 2007; Guerrero et al., 2004) , and this seems not to be a feature of newt Prod1. In mouse keratinocytes, for example, the responsiveness of the EGFR to ligands appears to be absolutely dependent on uPAR expression (D'Alessio et al., 2008) . In view of the absence of any detectable autocrine ligand activity, we suggest that the GPI-anchored Prod1 acts as an agonist for the EGFR in respect of its activation of the MMP9 pathway. Of particular note when considering the mode of EGFR activation by Prod1 is the observation that uPAR signalling has been shown to lead to EGFR phosphorylation in a pattern that is distinct from that seen following ligand activation (Monaghan-Benson and McKeown-Longo, 2006) . Similarly, Prod1 activation of EGFR signalling shows effects on MMP9 induction that are distinct from those seen following ligand stimulation (supplementary material Fig. S4 ). Src kinase is a crucial component of the mechanism regulating MMP9 expression in response to uPAR activation (Wei et al., 2007) ; however, this is not observed in the case of Prod1. Despite the similarities between Prod1 and uPAR signalling, each regulates MMP9 via a distinct mechanism. The relevance of the EGFR for other activities of Prod1, such as PD displacement (Echeverri and Tanaka, 2005) or the mitogenic response to the nAG protein (Kumar et al., 2007b) , is now open to investigation. The newt and axolotl belong to different families of the order Urodela, and current estimates suggest that newts separated from other salamanders about 100 million years ago (Steinfartz et al., 2007) . Species in both families are able to regenerate their limbs and it is surprising that Ambystoma Prod1 is an anchorless protein. The MMP9 pathway is only activated in cells that express axolotl Prod1, and not in cells exposed to the secreted molecule in the culture medium. Furthermore, both newt and axolotl Prod1 complex with the newt EGFR upon co-expression. Since the secreted form of the newt molecule has no activity to induce MMP9, we hypothesise that the GPI-linked form complexes with the EGFR, either by association on the cell surface similarly to uPAR, or in the secretory pathway on their way to the surface, when both molecules are membrane associated (Castillon et al., 2009) . The axolotl molecule must associate with the EGFR from the lumen in the secretory pathway. The ability of the axolotl a-helical region to confer activity on an anchorless version of the newt Prod1 protein strongly suggests that the sequence differences in this location allow axolotl Prod1 to engage in a functional signalling complex without requiring a GPI-anchor. The comparison of the two molecules shows that the activity of the newt molecule cannot depend on some unique property conferred by the anchor, for example, its ability to localise to lipid rafts (Simons and Toomre, 2000; Munro, 2003) . Axolotl Prod1 is functional when expressed with the GPI-anchor sequence of newt Prod1, consistent with the ancestral Prod1 protein having been GPI-anchored, and the anchor being lost in the Ambystomatidae subsequent to their divergence from the Salamandridae. Conceptual translation of the sequence after the stop codon of axolotl Prod1 suggests that this codon arose after the divergence of the two Ambystoma species (Fig. 5A) . The changes to the Ambystoma proteins that underlie their anchorless activity presumably occurred before anchor loss to retain signalling activity. Anchorless variants of the GPI-anchored prion protein PrP exhibit some of the functions of the anchored protein whilst lacking others (Chesebro et al., 2005; Trifilo et al., 2008) . A soluble version of uPAR with distinct activities from the GPI-anchored form is produced through alternate splicing (Pyke et al., 1993) , phospholipase activity (Wilhelm et al., 1999) or proteolytic cleavage by its ligand, uPA (Mazzieri et al., 2006) .
It has recently been established by detailed bioinformatic analysis of its structure and sequence that Prod1 is a salamander-specific member of the TFP superfamily (Garza-Garcia et al., 2009; GarzaGarcia et al., 2010) . The family has expanded in salamanders, and new members have been recruited to functions such as pheromones (the plethodontid modulating factors) and other activities (Palmer et al., 2007) . Although much research on regeneration has emphasised the role of conserved proteins and signalling pathways (Sanchez Alvarado and Tsonis, 2006; Brockes and Kumar, 2008) , the example of Prod1 suggests that the salamanders have brought significant evolutionary novelty to the mechanism. This paper provides evidence that the new protein Prod1 interacts directly with an old conserved protein, the EGFR, which is found throughout the metazoa (Aroian et al., 1990; Reiter et al., 2001; Gomez et al., 2004; Alvarado et al., 2009) . Previous work has shown that Prod1 also interacts with nAG, another conserved protein (Kumar et al., 2007b) . The association of new and old proteins to generate evolutionary novelty has been noted previously as an important principle, for example in protein interactions in Caenorhabditis elegans (Li et al., 2004) . The TFP family is implicated in other examples of local evolutionary change, for example, in formation of the venom apparatus in elapid snakes (Tsetlin, 1999) . If regenerative ability such as limb regeneration depends on such taxon-specific activities, it seems important to take account of them in current and future attempts to increase the repertoire of regeneration processes in mammals (Brockes and Kumar, 2005; Garza-Garcia et al., 2010) .
Materials and Methods
Cell culture
B1H1 cells were cultured as described (Ferretti and Brockes, 1988; Cash et al., 1998) . AL1 cells were obtained from S. Roy (University of Montreal, Canada) and cultured as described (Roy et al., 2000; Villiard et al., 2007) . 293T cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum, penicillin 100 U/ml and streptomycin 100 mg/ml. B1H1 and AL1 cells were plated on uncoated plastic culture dishes and transfected overnight with 4 mg DNA and 8 ml Lipofectamine 2000 (Invitrogen) per 35 mm dish for all analyses of MMP9 expression, ERK1/2 activation and FLAG-tagged Prod1 expression by immunofluorescence. Lipofectamine 2000 transfection gave approximately 30% transfection efficiency of B1H1 and AL1 cells and all analysis of the salamander cells was conducted 7 days after transfection. For analysis of FLAG-tagged Prod1 expression by immunoblot, B1H1 cells were nucleofected with the Amaxa Nucleofector using program T-030 and buffer V according to the manufacturer's instructions. Nucleofection gave approximately 90% transfection efficiency of B1H1 cells and analysis was conducted 72 hours after transfection. For immunodepletion experiments, 293T cells were transfected with 3 mg FLAG-tagged Prod1, 3 mg of Myc-tagged EGFR and 12 ml Lipofectamine 2000 per 6 mm dish for 8 hours and were passaged into two 6 mm dishes on the next day. Immunodepletion experiments were conducted at 48 hours after transfection.
Signalling pathway inhibitors were all purchased from Calbiochem. The lowest concentrations giving maximal inhibition of ERK1/2 activation in response to EGF and MMP9 induction following Prod1 expression were determined as 10 mM for U0126 (MEK1/2), 25 mM for AG1478 (EGFR) and 5 mM for AG879 (ErbB2); inhibitors were used at these concentrations in all experiments described.
For co-culture experiments, B1H1 cells transfected with FLAG-tagged Prod1 constructs 7 days previously were seeded onto the membranes of cell culture inserts with 8 mm pores (BD Biosciences), untransfected B1H1 cells were plated in 24-well plates (BD Biosciences) and following a period of 12 hours to allow the cells to adhere to the growth surfaces the cell culture inserts were placed into the wells of the 24-well plates. Cells were rinsed with serum-free medium after which 100 ml of serum-free culture medium was added to cover the cells in the inserts and 250 ml was added to the cells in the well. Cells were co-cultured for 72 hours after which cDNA was prepared for qRT-PCR analysis as described below.
DNA constructs
All newt Prod1 constructs are derived from the original Prod1 construct (da Silva et al., 2002) . Axolotl Prod1 was cloned from cDNA using primers GACAGA -ATTCGCGTGACTGGACGGCCACA and ATCATCTAGATAATGGGGTGC -TCAGGACCA, which are homologous to the EST sequence published at http://salamander.uky.edu/ESTdb/. A FLAG tag sequence was added by PCR immediately 5Ј of the coding region of each Prod1 construct and DNA fragments were subcloned into peGFP-n2 vector (Clontech, GenBank Acc #U57608) to replace the GFP sequence. N-and C-terminal sequences were deleted from FLAG-tagged Prod1 by PCR during subcloning to produce the truncated constructs referred to as NP1N and NP1C. A C-terminal Myc tag was added by PCR to the newt EGFR coding sequence and the construct was assembled in the pTL-1 vector, a pSG5 vector with extended polylinker (Stratagene). GPI-anchored GFP was obtained from M. Marsh, UCL, London, UK (Keller et al., 2001) .
Residues unlikely to disrupt the three-dimensional fold of the protein were identified by manual inspection of the structure. Candidate side chains were further filtered on the basis of being greater than 30% solvent accessible. From these, residues that are unconserved across the TFP superfamily and evenly distributed over the surface of the protein were selected for site-directed mutagenesis. We used the Stratagene QuikChange site-directed mutagenesis kit according to the manufacturer's instructions to synthesise mutated product using mismatched primers and either the NP1 or AP1 FLAG-tagged Prod1 constructs as a template. For the NP1 construct most amino acids were mutated to alanine, apart form cysteine residue 79, which was mutated to serine.
Immunodepletion
Cells were lysed in 1% Triton X-100, 150 mM NaCl, 50 mM Tris-HCl pH 7.4, 2 mM MgCl 2 2 mM EGTA, 1 mM NaVO 4 , 10% glycerol and Protease Inhibitor Cocktail (Sigma). Cleared lysates were incubated for 1 hour at 4°C with Protein G Dynabeads (Invitrogen) loaded with M2 mouse anti-FLAG antibody (Sigma). Beads were washed three times with ice-cold PBS and the bound protein was eluted with excess FLAG peptide (Sigma) and analysed by immunoblotting.
Immunoblotting
For analysis of Prod1-FLAG expression and ERK1/2 phosphorylation, cells were lysed in ice-cold 1% NP40, 150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 1 mM NaVO 4 and Protease Inhibitor Cocktail (Sigma). Protein concentrations of cleared lysates were determined by bicinchoninic acid assay (Pierce), samples of equal total protein were denatured in 2% SDS, 50 mM Tris-HCl, pH 8, and reducing agent (Invitrogen), and separated on NuPAGE 12% Bis-Tris pre-cast SDS gels (Invitrogen) using MES buffer (Invitrogen) with antioxidant (Invitrogen) according to the manufacturer's instructions. Proteins were transferred to nitrocellulose membranes (Whatman) and membranes were blocked with Odyssey Block (LI-COR Biosciences) for 10 minutes before overnight incubation at 4°C with primary antibody. Prod1-FLAG was detected on blots with rabbit anti-FLAG antibodies (Sigma) at 1:1000 dilution in 25 mM Tris-HCl, pH 8.0, 0.1 M NaCl, 0.1% Tween 20. ERK1/2 was detected with rabbit anti-ERK and phosphorylated ERK1/2 was detected with mouse anti-phospho ERK1/2 (Sigma), both of which were used at 1:1000 dilution in Odyssey Block (LI-COR Biosciences) 0.1% Tween 20. Samples from immunodepletion experiments were denatured in 2% SDS and 50 mM Tris-HCl, pH 8, and analysed using NuPAGE 4-12% Bis-Tris gels and MES buffer (Invitrogen) according to the manufacturer's instructions. Blots were probed with rabbit anti-Myc (Cell Signaling Technology) 1:1000 in Odyssey Block (LI-COR Biosciences) 0.1% Tween 20 and M2 mouse anti-FLAG (Sigma) 1:5000 in 25 mM Tris-HCl, pH 8.0, 0.1 M NaCl, 0.1% Tween 20.
TSA immunofluorescence of surface Prod1 expression
Live B1H1 cells, previously transfected with FLAG-tagged Prod1 constructs, were reacted at 4°C with monoclonal anti-FLAG antibody or control monoclonal antibodies diluted in L15 medium (adjusted to urodele osmolarity) with 0.1% bovine serum albumin. The cultures were washed and reacted with biotinylated goat anti-mouse IgG under the same conditions, washed and fixed for 2 minutes at -30°C with freshly prepared 5% glacial acetic acid in absolute ethanol. Fixed cultures were washed extensively in PBS, reacted with PBS + 1% H 2 O 2 for 20 minutes to inactivate endogenous peroxidase, washed with PBS + 1% Triton X-100, and reacted for 1 hour at room temperature with horseradish-peroxidase-labelled neutravidin (Molecular Probes) at 0.5 mg/ml in PBS-Triton. After extensive washing with PBS, cells were reacted for 2 minutes at room temperature with Cy3-tyramide diluted 600ϫ in the supplied diluent (TSA-plus Cyanine 3 system, PerkinElmer), washed and mounted for fluorescence microscopy.
Zymography
Culture medium was cleared by centrifugation, adjusted to 2% SDS, 50 mM TrisHCl, pH 8.0, and samples were analysed by electrophoresis with 10%/12% (gelatin/casein) Novex zymogram gels (Invitrogen) for 90 minutes at 125 V. Gels were developed overnight according to the manufacturer's instructions and stained using SimplyBlue Safestain (Invitrogen).
Imaging and quantification
A Licor Odyssey imager was used for imaging all zymogram gels and immunoblots; IR-labelled secondary antibodies (Molecular Probes) were used for visualisation of bands on immunoblots. Band intensities were quantified using the profile/MW function of Fuji Image Gauge software.
RT-PCR
cDNA was prepared from pelleted cells using the Ambion Cells-to-cDNA II kit using random primers according to the manufacturer's instructions. qRT-PCR reactions were performed with iQ Supermix with SYBR green (Bio-Rad) and gene specific primers using Bio-Rad Chromo 4 detector, and analysed with Bio-Rad Opticon Monitor software according to manufacturer's instructions. qRT-PCR reactions of RNA samples used for cDNA preparation were analysed to confirm that non-specific signal was not a significant component of the C T values obtained. GAPDH was used as a normalising gene for relative quantification of MMP9 expression between samples. Observed trends were confirmed with independent normalising genes (not shown). The sequences of the MMP9 specific primers are: CATCGTAGGATTCACCATCG, ACCACGACCGACTATGACAA (Newt) and GCATCGTAGGATTCTCCATCA, ACCAGTGAAGGCCGTTCCGAT (Axolotl) and the GAPDH primer sequences for both species are: TGTGGCGTGACGGCAG AG -GTG, TCCAAGCGGCAGGTCAGGTCAAC. A standard curve plotting C T value against the relative number of target sequences confirmed the efficiency of all primers used.
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